Nitrogen (N) losses from agricultural systems increase air and water pollution, and these losses are highly correlated with the excessive fertilization. An adjusted N fertilization is then a key factor in increasing the N fertilizer efficiency, and leaf clip sensors can help to improve it. This study (combining five different field experiments in Central Spain) tried to identify the ability of the clip sensors in maize N status identification and yield prediction, comparing two different devices (SPAD-502 ® and Dualex ® ) and identifying the best protocol for maize leaf sampling. As a result, the study demonstrated that different leaf clip chlorophyll sensors presented similar results, although some differences appeared at larger N concentrations. Complementary polyphenol information (as flavonol) can improve the maize N deficiency prediction. Moreover, valuable information for a proper sampling protocol was obtained with this study. It proved that the sampling position (in the leaf and in the plant) and sampling time were crucial for a better estimation of the maize N status. Proper fertilization recommendations could be achieved based on clip chlorophyll sensor measurements.
Introduction
Nitrogen (N) losses from agricultural systems are a major problem for air (NH 3 and N oxides [1] ) and water (NO 3 [2] ) pollution. These losses are highly correlated to the excessive fertilization [3] . Therefore, adjusting the N fertilization rate to the crop demand and N actual status is a key factor for improving the N fertilizer efficiency of the system [4] . The N status can be measured based on a soil or plant analysis, but those are destructive methods that demand high economic, human and time resources. As an alternative, there are rapid and non-destructive methods based on optical properties, which can provide a reliable estimation of the crop N status [5, 6] . Based on this N status, N fertilization side dressings can be adapted for each year or for the different areas in the farm. In a maize crop, this corrective side dressing can be applied until the maize presents around 8 leaves (machinery limitation) or even later if fertigation is available.
Substantial research on technologies for N status prediction has been accomplished on these optical methods during recent years. There is information for many crops, such as cereals (maize (Zea maize L.) [5, 7, 8] or wheat (Triticum aestivum L.) [4, 9] ), vegetables (tomato (Solanum lycopersicum L.) [8] or cucumber (Cucumis sativus L.) [10] ), sunflower (Helianthus annuus L.) [11] , potato (Solanum tuberosum L.) [12] or pastures (such as festulolium (Festulolium braunii K. Richert A. Camus) [13] ). Fox and Walthall [14] and Hunt et al. [15] showed that the greenness of the leaves is highly correlated with the chlorophyll content, and also with their N content. Chlorophyll content is key in the photosynthesis process [13] . The leaf clip equipment to estimate the chlorophyll content relies mainly on the difference between the leaf transmittance at two wavelengths. Moreover, the clip system ensures a good contact with the plant tissue and an independence to external light conditions, but on the other hand the sampled surface is small [16] . These sensors are already at a commercial level thanks to their recognized potential for fast N fertilizer recommendations [17, 18] . However, this technique presents some limitations: (i) a non-uniform leaf and plant chlorophyll distribution [19] , (ii) the crop development status when readings are taken [20] , and (iii) nutrient deficiencies other than N [14] .
Related to the interferences among various nutrient deficiencies or stress conditions, some devices also provide optical measurements of concentrations of polyphenols or other substances in the leaf [21, 22] . These secondary metabolites are compounds that usually tend to increase in leaves under stress conditions and can help to improve the estimation of the N status estimation [23, 24] . The timing of the measurement and position on the leaf have received attention. Some authors have observed that crops such as potato try to maintain the chlorophyll concentration per leaf surface unit, so N deficiencies produce smaller leaves, which, however, are not less green [12] . However, other crops such as maize develop an opposite strategy, keeping the leaf surface almost constant (differences smaller than 30%), but with large differences in the chlorophyll concentration per surface unit [25] . It is under this latest condition that the optical sensors are more reliable. Moreover, Lemaire and Gastal [26] observed that there was a decrease in the plant N concentration as the aboveground biomass increased and that there was a critical level below which the yield could be compromised. Consequently, the plant size and crop phenology must be considered when programing N fertilization.
Maize crop has been ranked by the FAO (United Nations Food and Agriculture Organization) as the first cereal in terms of production, and as the second in terms of surface [27] . The maize world production is constantly increasing, reaching 1135 million Mg in 2017, grown on almost 200 million ha. Nitrogen content in this crop represents only around 2.4 % of the total dry mass. However, the availability of water and N are considered the most limiting factors for the grain yield [28] . Moreover, since it is a crop that does not cover the soil completely at earlier stages, when proper fertilization is crucial, soil noise interferes strongly with remote sensing recommendations [5] . Therefore, clip sensors could be an interesting option for adjusting crop fertilization and reducing worldwide agricultural pollution problems quite efficiently.
The main goal of these experiments was to determine the ability of the clip sensors to identify the maize N status. For that purpose, we focused on some specific objectives, including (i) comparing the performance of various devices, (ii) identifying the best protocol for maize leaf sampling, and (iii) establishing the accuracy of the N status prediction and the chlorophyll indexes as yield estimators.
Materials and Methods
This study includes the results obtained during five different years, since 2006, in five maize field trials located in the Madrid Region (Central Spain). These trials compared various N managements providing a diversity of maize N statuses, valuable for the methodological comparisons proposed in this work. In addition, other management variables were also different (tillage, cover crops, irrigation...). The chlorophyll sensors that were used were SPAD-502 ® (Konica Minolta Inc., Japan) and/or Dualex ® Scientific (Force-A, Orsay, France). Both are leaf clip sensors that estimate the chlorophyll content based on the difference of LED light transmitted through a leaf at red (~650 nm) and infrared (~940 nm) wavelengths within a small dark chamber (~1 cm 2 ) [29] . The dimensionless index obtained with both sensors will be called SPAD (for SPAD-502 ® ) and Chl (for Dualex ® ) throughout the manuscript. In addition, the Dualex ® Scientific also measures the leaf polyphenol concentration as flavonol (Flav) and the Nitrogen Balance Index (NBI). This Flav is directly related to the optical absorption of the leaf epidermis under UV light. In this case, the red light was compared with the UV wavelength (~370 nm) transmitted through the leaf epidermis. The NBI was calculated as the ratio between the Chl and Flav content, providing an estimation of the N nutritional status [22, 24] . As the main goal was to predict the maize N status, the actual chlorophyll content was not measured in the leaves. 
Comparison between Sensors
In order to compare the results obtained with both sensors, the data from three experiments (Experiments 1, 2 and 3; Table 1 ) were merged. Simultaneous measurements of SPAD and Chl were obtained from the last fully expanded leaf on 15 representative plants in the central zone of each plot. Experiment 1 consisted of six N fertilizer rates from 0 to 200 kg N ha −1 (as ammonium nitrate) at 40 kg N ha −1 intervals, with four replications, resulting in 24 plots. Further information about this experimental design or the crop results can be found in Quemada et al. [7] . Experiment 2 consisted of the same six N fertilizer rates as the previous one, but with six replications, resulting in 36 plots. Experiment 3 consisted of five N fertilizer rates (0, 70, 120, 170 and 220 kg N ha −1 as calcium ammonium nitrate) and two irrigation rates with six replications, resulting in 60 plots. Further information about this experimental design or the crop results can be found in Gabriel et al. [5] . All plots were measured on two dates, corresponding with the second N dressing (middle of June and around 6 fully expanded leaves) and anthesis (end of July). In addition, in the first experiment at anthesis, measurements from the ear leaf were also conducted. The results for each of the 15 sampling points per plot, for the average plot values, and for the relative standard errors of each sensor were analysed in this study. 
Leaf Sampling Selection
The relevance of selecting the sampling position to obtain an accurate measurement was tested by comparing readings from both: the sampling position on the leaf and the sampled leaf. A detailed study with Dualex ® Scientific (Experiment 4; Table 1 ) was developed [30] , to determine the adequate sampling position on the leaf. Drip irrigated maize was sown on April 17th at 75,000 plant ha −1 . The experiment had two treatments, with or without fertigation (as calcium ammonium nitrate), and three replications. On each plot, two representative plants were evaluated through the entire cycle. In order to determine the best sampling position along the maize leaf, measurements were done at flowering (July 10th) on the ear leaf from the base to the tip at 1-cm intervals. On average, fertigated ear leaves were 77 cm long and not fertigated ear leaves were 71 cm long. For comparison purposes, measurements were made relative to the total leaf length.
In order to choose the best leaf to measure, all green leaves were evaluated for the 12 selected plants at 5 dates (June 8th, July 3rd, July 10th, August 5th and August 21st). Each measurement consisted of two samples per leaf, both done in the middle of the leaf but separated by around 1 cm each. For the result interpretation, three analyses were done: (1) the variability across leaves on the same date, (2) the evaluation of the relative standard error across leaves, and (3) the evolution of the nutrition indexes in the same leaves throughout the time, selecting in this case the leaves 9, 14 (ear) and 20 (flag). For this experiment, the Flav and the NBI were analysed in addition to the Chl value in order to improve the recommendation of the leaf to be sampled.
Greenness as Yield Predictor
In order to evaluate the chlorophyll indexes as yield predictors, data from three experiments (Experiments 1, 2 and 5; Table 1 ) were merged. In these experiments, SPAD measurements were collected at four different dates, corresponding to the first and second N dressing (middle of May and June, respectively), flowering (end of July) and middle of August. Experiment 5 consisted of five precedent winter treatments before summer maize (vetch, barley, rapeseed, fallow and a control without cover crop nor fertilization) with four replications, resulting in 20 plots per year. Further information about the experimental design or the crop results can be found in Gabriel and Quemada [31] . Experiments 1 and 2 were already defined in the Comparison Between Sensors section. Each experiment was sampled with SPAD fifteen times per plot on the last fully expanded leaf before flowering, on the ear and flag leaves at flowering, and on the ear leaf during the grain filling in August. The SPAD measurements were compared with the plot final yield at harvest. The yield was obtained with an experimental combine harvester in two 10 m-rows, from each plot, and the grain was oven-dried (65 • C) for the dry matter weight. Combining all experiments and plots, the comparison resulted in 120 points per date and leaf. However, there were data for August only from Experiment 1 in 2007 and 2008, and from Experiment 3 (resulting in 76 points). Additionally, there were data for the ear leaf at flowering only from Experiment 2 (resulting in 24 points), and there were data from Experiments 1 and 3 for May (resulting in 96 points). The results for each sampling date and leaf were fitted to second order polynomial curves.
Greenness as Crop N Status Predictor
We conducted two comparisons to evaluate the chlorophyll indexes as N status predictors. The first one compared the SPAD and Chl measurements with the N concentration measured in the same leaf, using our data from Experiment 3 ( Table 1) . Further information about the N concentration measurement can be obtained in Gabriel et al. [5] . The second comparison was SPAD with the final N uptake by maize at harvest. In this case, we used data from Experiments 1 and 5. The N uptake was calculated by multiplying the grain weight and the rest of the aboveground biomass by their respective N concentrations. Further information on these data can be found in Gabriel and Quemada [31] and in Quemada et al. [7] .
Statistical Analysis
To quantify the degree of correlation between data from sensors and agronomic measurements, different models (from linear to polynomic, exponential and logarithmic) were fitted, and the coefficient of determination (R 2 ) was calculated to analyse the goodness of fit. Tukey post-hoc tests were used to separate the means between treatments (P ≤ 0.05). Statistical analyses were conducted with R.3.5.1 [32] .
Results and Discussion

Comparison between Sensors
The relationship between the average SPAD measurements and Chl was strong (R 2 = 0.90; Figure 1 ), even when various experiments, growth stages or leaves were included in the comparison, similar to the relationship obtained by Tremblay et al. [33] . As observed by Casa et al. [34] , the correlation was not linear. When the measured values were low, the SPAD tended to provide higher readings than the Chl (SPAD ≈ 5 points higher than Chl). In addition, SPAD tended to saturate earlier than Dualex when the chlorophyll content increased; therefore, the SPAD were lower than the Chl readings at high values. When single readings from the same leaf were analysed, the correlation was reduced to 0.78 (Figure 1 ), mostly because of the internal leaf variability. This result strengthens the idea that average readings from a representative number of leaves provide more accurate results than the single ones. At low values, SPAD presented a higher precision (with a lower relative standard error) than Dualex, whereas both sensors presented a similar precision at high values (Figure 1 ). Although, in general, the NBI Dualex index can improve the N status prediction with respect to Chl [5, 22] , a comparison of NBI with SPAD at different dates or sampled leaves did not provide a good correlation (R 2 = 0.36).
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Although, in general, the NBI Dualex index can improve the N status prediction with respect to Chl [5, 22] , a comparison of NBI with SPAD at different dates or sampled leaves did not provide a good correlation (R 2 = 0.36). 
Leaf Sampling Selection.
Regarding the position along the leaf, the largest differences in the Chl were observed in the apical 1/3, closer to the tip, where the values decreased (Figure 2a ). However, the Flav was lower in the basal 1/3, closer to the leaf collar ( Figure 2b ). Because of that, the mid-section of the leaf was the best sampling position in order to achieve the larger differences between both N treatments. 
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Regarding the position along the leaf, the largest differences in the Chl were observed in the apical 1/3, closer to the tip, where the values decreased (Figure 2a ). However, the Flav was lower in the basal 1/3, closer to the leaf collar ( Figure 2b ). Because of that, the mid-section of the leaf was the best sampling position in order to achieve the larger differences between both N treatments.
With respect to the leaf that should be measured in the plant (measured at anthesis because all the leaves were completely expanded), the largest Chl value was obtained in the leaves located closer to the ear leaf ( Figure 2c ). It is interesting to notice that sometimes there were some saw peaks between even-and odd-numbered leaves related to the plant orientation with respect to the sun. In some plants, the peak was in the even leaves, while in others it was in the odd ones. In any case, the Chl values obtained from the leaf number 8 to the leaf number 18 were, on average, relatively stable. The Flav presented a different pattern, with larger values in the leaves of the lower half of the plant. In this case, there was also a saw peaks distribution, but the Flav peaks corresponded to the Chl valleys. The relative standard error between samples (obtained from the ear leaf and from the flag leaf at flowering and in the same plants) was higher in the measurements obtained in the flag leaves (Figure 2d ). Considering all this information, and as occurred in the position within the leaf, the intermediate leaves presented the most representative value. Based on that, the ear leaf would be an interesting leaf to measure in order to increase the replicability between different plants. In any case, several plants should be measured to avoid the bias produced by the saw peaks. With respect to the leaf that should be measured in the plant (measured at anthesis because all the leaves were completely expanded), the largest Chl value was obtained in the leaves located closer to the ear leaf (Figure 2c ). It is interesting to notice that sometimes there were some saw peaks between even-and odd-numbered leaves related to the plant orientation with respect to the sun. In some plants, the peak was in the even leaves, while in others it was in the odd ones. In any case, the Chl values obtained from the leaf number 8 to the leaf number 18 were, on average, relatively stable. The Flav presented a different pattern, with larger values in the leaves of the lower half of the plant. In this case, there was also a saw peaks distribution, but the Flav peaks corresponded to the Chl valleys. The relative standard error between samples (obtained from the ear leaf and from the flag leaf at flowering and in the same plants) was higher in the measurements obtained in the flag leaves (Figure 2d ). Considering all this information, and as occurred in the position within the leaf, the intermediate leaves presented the most representative value. Based on that, the ear leaf would be an interesting leaf to measure in order to increase the replicability between different plants. In any case, several plants should be measured to avoid the bias produced by the saw peaks. Finally, the leaf age when the leaf was measured affected the reading if the leaf was not completely expanded or if it had started senescence (Figure 3 ). However, the study conducted comparing the leaves 9, 14 (ear leaf) and 19 (usually the previous one to the flag leaf) in various plants and dates showed that once the leaf reached a maximum size (complete expansion), variations in the Chl or Flav content were small until senescence (Figure 3 ). Moreover, differences in the Chl content between treatments across leaves and dates were uniform (Figure 3a ). However, differences in the Flav content between treatments were larger in the ear leaf and increased with time, making it easier to detect fertilizer deficiencies measuring this leaf (Figure 3b ). The NBI combined the Chl and Flav results, thus maximizing the N treatment differences, and even increasing the differences in time (Figure 3c ). Padilla et al. [10] and Tremblay et al. [33] also observed that the NBI could provide more robust results for the N status prediction than Chl or Flav independently.
Chl or Flav content were small until senescence (Figure 3 ). Moreover, differences in the Chl content between treatments across leaves and dates were uniform (Figure 3a ). However, differences in the Flav content between treatments were larger in the ear leaf and increased with time, making it easier to detect fertilizer deficiencies measuring this leaf (Figure 3b ). The NBI combined the Chl and Flav results, thus maximizing the N treatment differences, and even increasing the differences in time (Figure 3c ). Padilla et al. [10] and Tremblay et al. [33] also observed that the NBI could provide more robust results for the N status prediction than Chl or Flav independently. 
Greenness as Yield Predictor
The chlorophyll content estimations with sensors could be interesting for the yield estimation [34] . The experiment where the chlorophyll content was estimated with SPAD at four dates provided information about the accuracy obtained with this sensor (Figure 4 ). The best fit was obtained with exponential curves. Although the curves were almost linear along the observed range, the exponential fitted better because some saturation occurred at high SPAD values. A similar saturation effect was observed by Quemada et al. [7] when maize growth was predicted with Chl and SPAD. At the first dressing date (May), the correlation between SPAD and the final yield was very low (R 2 = 0.10). This was because the observed SPAD range was very narrow (between 30 and 40 for most of the plots) and because the maize still had time to correct the deficiencies. At the second dressing date (June), the correlation increased to R 2 = 0.45, still suggesting a capability to recover potential yields with further fertilization. At flowering (July), the prediction of the final yield could rely on readings from either the flag or from the ear leaf. The correlation between the yield and the flag leaf readings 
The chlorophyll content estimations with sensors could be interesting for the yield estimation [34] . The experiment where the chlorophyll content was estimated with SPAD at four dates provided information about the accuracy obtained with this sensor (Figure 4 ). The best fit was obtained with exponential curves. Although the curves were almost linear along the observed range, the exponential fitted better because some saturation occurred at high SPAD values. A similar saturation effect was observed by Quemada et al. [7] when maize growth was predicted with Chl and SPAD. At the first dressing date (May), the correlation between SPAD and the final yield was very low (R 2 = 0.10). This was because the observed SPAD range was very narrow (between 30 and 40 for most of the plots) and because the maize still had time to correct the deficiencies. At the second dressing date (June), the correlation increased to R 2 = 0.45, still suggesting a capability to recover potential yields with further fertilization. At flowering (July), the prediction of the final yield could rely on readings from either the flag or from the ear leaf. The correlation between the yield and the flag leaf readings was very poor (R 2 = 0.29), mostly because of the size variability between the flag leaves and because the leaf senescence started soon after silking. However, the correlation between the yield and ear leaf SPAD increased to R 2 = 0.54. Finally, the SPAD measurements done during August increased the yield prediction to R 2 = 0.73. Therefore, the yield prediction with chlorophyll sensors is possible, although the accuracy increases when the measurement is done closer to harvest. These results could support the correction of N deficiencies at late growth stages in cropping systems that allow a late N application (i.e., by fertigation), as Padilla et al. [10] suggested. However, they could also help to get better estimations of the potential yield before harvest, improving harvest machinery scheduling or an accurate appraisal by insurance companies. prediction to R 2 = 0.73. Therefore, the yield prediction with chlorophyll sensors is possible, although the accuracy increases when the measurement is done closer to harvest. These results could support the correction of N deficiencies at late growth stages in cropping systems that allow a late N application (i.e., by fertigation), as Padilla et al. [10] suggested. However, they could also help to get better estimations of the potential yield before harvest, improving harvest machinery scheduling or an accurate appraisal by insurance companies. 
Greenness as N Status Predictor
The chlorophyll content has previously been pointed out as an N status predictor [35, 36] . In this study, the chlorophyll content as an N status predictor presented some potentialities but also some deficiencies ( Figure 5 ). On the one hand, both sensors predicted the N concentration in the leaves with a similar accuracy (R 2 = 0.62 and 0.68 for SPAD and Chl, respectively, in June, and R 2 =0.43 and 0.42 in July; Figure 5a,b) . However, the sensors estimation was not comparable across dates or leaves. Thus, the further development of the measurement protocol should be incorporated in the future to improve comparability across experiments. With respect to the N uptake prediction (Figure 5c ), the results were similar to the results obtained for the yield prediction ( Figure 4 ). However, some important reductions in the relationship in the August and June predictions were found. The highest accuracy was found when the earl leaf was sampled at flowering, with R 2 = 0.58. 
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Conclusions
The clip chlorophyll sensors have shown the ability to adequately identify the maize N status at various crop developmental stages. Moreover, different clip chlorophyll sensors, as SPAD and Dualex, exhibited comparable results, even when evaluating small differences. However, complementary information such as flavonols can improve maize N status information. Relative to the best sampling protocol, it is interesting to know that once the leaf was completely expanded, the differences in the chlorophyll or flavonol content did not change until senescence. However, there 
The clip chlorophyll sensors have shown the ability to adequately identify the maize N status at various crop developmental stages. Moreover, different clip chlorophyll sensors, as SPAD and Dualex, exhibited comparable results, even when evaluating small differences. However, complementary information such as flavonols can improve maize N status information. Relative to the best sampling protocol, it is interesting to know that once the leaf was completely expanded, the differences in the chlorophyll or flavonol content did not change until senescence. However, there were differences across the leaves, depending on their position along the plant and on their orientation. Differences were also detected within the same leaf. Because of that, the best recommendation is to always sample in the ear leaf (or in the last leaf that has completely expanded before ear leaf expansion), in the mid-section on the leaf, and in a representative number of leaves. Finally, clip chlorophyll sensors were able to predict the yield and N status, improving the prediction accuracy as the crop development progressed. However, a single correlation equation was not found, and results were highly dependent on the crop stage and on the sampled leaf, so further studies should be done in order to standardize a general sampling protocol. In any case, clip chlorophyll sensors provide valuable information on the variation of the N content inside a field, when all the maize plants are at the same growth stage. 
